No matter how fascinating the discoveries in the field of molecular biology are, in the end it is the phenotype that matters. In this paper we pay attention to various aspects of plant phenotyping. The challenges to unravel the relationship between genotype and phenotype are discussed, as well as the case where 'plants do not have a phenotype'. More emphasis has to be placed on automation to match the increased output in the molecular sciences with analysis of relevant traits under laboratory, greenhouse and field conditions. Currently, non-destructive measurements with cameras are becoming widely used to assess plant structural properties, but a wider range of non-invasive approaches and evaluation tools has to be developed to combine physiologically meaningful data with structural information of plants. Another field requiring major progress is the handling and processing of data. A better e-infrastructure will enable easier establishment of links between phenotypic traits and genetic data. In the final part of this paper we briefly introduce the range of contributions that form the core of a special issue of this journal on plant phenotyping. species have the capacity to probe and evaluate the herbivore defence system of an individual plant within a population (Kallenbach et al. 2012) . In relation to humans, their ability to
Introduction
The advent of molecular genetics has drastically altered almost all research areas and applications in the field of biology. One of the fundamental principles in biology is the genotype-phenotype concept, where the genotype is considered to be all of the hereditary information that is accumulated in the individual; and the phenotype can be seen as the combination of all the morphological, physiological, anatomical, chemical, developmental and behavioural characteristics that, when put together, represent the individual organism. This concept, which was first introduced by Johanssen (1909) in his classical book on genetics, is now more than a century old. The concept was further developed by evolutionary biologists and resulted in the theory of 'genotype-phenotype maps' (Lewontin 1974; Suzuki et al. 1981) . In these maps an individual organism occupies a certain point in the so-called 'genotypic space', which represents the full array of genotypes possible for that species. The position in the genotypic space, in combination with the prevailing environmental characteristics, determines the elementary phenotypic state that an organism occupies within the overall space of possible phenotypes. Additionally, an organism can also affect the environment that it or other individuals occupy, thereby creating complex feedback relationships between genes on the one hand and environments and phenotypes on the other hand (Houle 2010) .
In day-to-day life, it is the phenotype that is of importance when it comes to food production in crops, health profiles in humans and husbandry or the ecological performance of organisms in nature. Therefore phenotypingwhich is the process of characterising the phenotypeis as important as genotyping for establishing the relationship between genes and traits. Such relationships are relatively easy to establish in the case of monogenic traits, such as sickle cell disease. It becomes complicated if the expression is dependent on the environment, particularly in case where complex, quantitative traits are under polygenic control. Such traits are often highly relevant both from a biological and a human perspective, as they relate to growth, performance and resource use efficiencies of organisms. The techniques to investigate these relationships relate to the analysis of dedicated mapping populations, such as in the case of the quantitative trait loci (QTL) approach or in the analysis of a wide range of individuals from existing populations, e.g. in the case of genome-wide association (GWA) studies. In all cases, phenotyping forms a crucial component of the analysis. Pioneering projects where phenotyping has played an essential role are for example the Mouse Clinic (Gailus-Durner et al. 2005) and the Human Phenome Project (Freimer and Sabatti 2003) . These projects have revealed the role of the genes and the environment on development, morphology, physiology, metabolism, behaviour and pathology resulting in new diseasepreventing approaches (http://www.nature.com/encode, accessed September 2012). Analogous development in plant biology will provide opportunities for a revolution in understanding of plant performance, whichamongst otherswill enable more efficient breeding strategies.
The origin of plant phenotyping
Plant phenotyping per se is certainly not an exclusively human activity. In so-called 'cafeteria experiments' herbivores such as snails, grasshoppers or deer that are offered equal amounts of leaves of different species show clear preferences for some species, whereas they disfavour others (Fig. 1; Pérez-Harguindeguy et al. 2003) . This may be only a matter of taste, but we are only just beginning to discover how rich the phenotyping capacities of certain species are. For example, some grasshopper phenotypeand thereby to select for the best-yielding individuals of species for domesticationhas been one of the prerequisites for the development of human civilisation (Diamond 1997) .
Agronomy and ecophysiology have a strong tradition in phenotyping. Agronomic evaluation of different genotypes, cultivars or treatments has been routinely conducted for more than a century, as can be judged from the age of various scientific journals in this field (Pearson et al. 2008) . The concept of the so-called 'genotype Â environment interaction', where the phenotypic expression of the genotype strongly depends on the environment, stems from such evaluation trials conducted in agricultural fields of various geographical locations (Fisher 1925) . Breeders still rely on the evaluation of such field trials to select the appropriate genotype for new cultivars, where preferably plants are assessed in various years as well (Annicchiarico 2002) .
The ecological perspective developed during the middle of the 20th century was strongly based on (reciprocal) transplantation experiments. A classic example has been the work of Clausen et al. (1948) . They grew different Achillea millefolium L. clones in common gardens at three altitudes in the Californian Mountains (Suzuki et al. 1981) . The experiment was repeated several times and resulted in a wide range of phenotypes for the same genotype, indicating large phenotyping plasticity. Like the agricultural field trials, these experiments demonstrated that the plant phenotype is the unique outcome of a process that is not only dependent on the genotype, but also on the dynamic environment under which it develops. Later developments in ecology in relation to phenotyping are the trait-based approaches, in which phenotypic characteristics of a wider range of different species are evaluated either in the field (Reich et al. 1992) or under laboratory conditions (Grime and Hunt 1975; Poorter et al. 1990) . They were used to derive different strategies by which the ecological niche of species could be described (Grime 1979) and to analyse the interdependence of various traits (Wright et al. 2004) . The latter work is a particularly apt example that shows that constraints on fitness prevent evolution from occupying all of the phenotypic space that is, in principle, available to plants.
Genes, phenes and plants without a phenotype
The terminology in relation to phenotyping is not completely clear-cut (Mahner and Kary 1997) . This is partly due to the wide scale of integration levels at which phenotyping can take place, ranging from subcellular, cellular, tissue and organ levels all the way up to that of the integrated organism in all its dimensions. Indeed, a case could even be made to extend this range to epigenetics at the one end of the scale and to populations of individuals in monocultures at the other end. Clearly, it is far more challenging to describe a phenotype than it is to characterise the genotype of a given individual, owing to the possible variation in environmental factors and fluctuations over time. Discrepancy in terminology depends partly on culture and history in the various subdisciplines of biology: ecologists traditionally define 'traits' when they refer to a phenotypic variable of a plant such as the specific leaf area (SLA). However, some ecologists also refer to traits in relation to characteristics of vegetation, such as the leaf area index (LAI). The relation between the genetic information and the phenotypic expression thereof then becomes a characteristic of a mixed number of individuals. If these individuals are from different species, the principle relation between genotype and phenotype becomes blurred, and it has been advocated to avoid the qualification 'trait' in such cases (Violle et al. 2007 ). An alternative to the qualifier 'trait' is to use 'phene' as the phenotypic counterpart of a gene. Using these terms, the first association could be a one-to-one relationship between gene and phene; however, this would be an oversimplification. One gene can have a range of pleiotropic effects, whereas many traits will be under polygenic control. As such, the 'gene-phene' tandem refers more to the general concept of a gene-trait association than to a one-to-one relationship. Related terminology uses 'phenome' as a counterpart to 'genome'. If the genome is defined as the total constellation of all genes (alleles) present in an individual, then the phenome would be the aggregate of all the expressed traits of the individual. Others use these terms as the characterisation of populations. Practically speaking, the usage of these various terms may overlap as they fulfil various and different needs for different niches of the scientific community. A clear and singular definition throughout the full domain of biology is desirable but probably unreachable (Mahner and Kary 1997) .
In the last two decades, a new step has been taken in plant phenotyping, by means of the study of genetically-modified organisms. These genotypes often differ from their 'wild type' in only one targeted gene, so form a unique system to test the relevance of that specific gene in shaping the phenotype of the plant. For a range of transformations, the genetic modifications are so dramatic that they are lethal. A non-functional hormone signalling pathway (Qin et al. 2011 ) could serve as an example where a genetic modification deeply interferes with the viability of the individual (Lloyd and Meinke 2012) . In such cases, the effect of a given gene on the phenotype is much better studied by a moderate reduction or increase of gene transcription of few tenths of a per cent (Kruckeberg et al. 1989 ). In contrast with the observed lethal transformations, there is a wide range of transformations with no observable differences between wildtype plants (or more precisely, the plants that were transformed with an empty vector) and the transformant. In such cases it becomes more and more fashionable to conclude that 'these transformants do not have a phenotype', conclusions also made in the animal field (Crusio 2002) . There are several reasons that make such a conclusion imprecise and premature. First, these plants do certainly have a phenotype, since no individual can live with only a genotype. Second, the level of macroscopic phenotyping at which this conclusion is made often pertains to relatively 'simple' traits such as plant size, shape of leaves or timing of development. From a theoretical perspective it is not correct to conclude that there are no black swans, just by the fact that they have hitherto not been observed (Popper 1959) . Likewise, as the phenotype of the plant is much broader than its visual appearance, it may be that there are more or less marked changes at, for example, the cellular level but that they do not translate into a difference between the transformant and the wild type for the trait(s) under scrutiny. A third point of attention is that differences are often tested under one set of environmental conditions, conveniently described as 'standard conditions'. There are clear cases indicating the importance of the environment in determining the degree of difference between transformant and wild type or between varieties within a breeding program. A particularly nice example is given by Külheim et al. (2002) , who found hardly any difference in seed production between a photosynthetic mutant (npq) and the wild type grown at constant low light levels, but a considerably lower seed production at fluctuating light levels. These data, as well as some other exemplifying gene Â environment interactions are shown in Fig. 2 . Finally, some phenotypic differences may show up only during a particular part of the diurnal cycle (Wiese et al. 2007) or during a particular ontogenetic phase (Tanaka et al. 2008) . Thus, in case of no observable differences 'these plants do not have a discernible phenotype with respect to size or development under the specific conditions tested' would be the formulated conclusion instead of 'these plants do not have a phenotype'.
Phenotyping machines
The sequencing of the genome of the model plant Arabidopsis thaliana (L.) Heynh. (Meinke et al. 1998 ) has represented a landmark in plant genomics. Subsequently, the genomes of many economically important crops such as rice and maize have been sequenced and increasing amount of information on genomics is becoming available in databases such as, e.g. GABI DB (Riano-Pachon et al. 2009) or the TAIR DB (Huala et al. 2001) . High-definition genotyping can now be performed with thousands of plants in robotised platforms, which allows for an increasing speed of genotype selection in breeding programs (Langridge and Fleury 2011) . Efforts to extend these high-throughput techniques to aspects of protein interactions or metabolism have substantially increased our ability to detect genetic influences of subcellular phenotypes. However, when considering multicellular organisms whose phenotype includes traits related to anatomy, morphology, physiology and development, our capabilities are less advanced (Houle 2010; Kolukisaoglu and Thurow 2010) . The prospects for application of phenotypic data are more rewarding than ever, especially in the case of complex traits, such as growth and yield, we could profit from large-scale phenotyping of mapping populations to establish QTL locations. This easily requires evaluation of >300 genetically different lines. GWA studies preferably require an even larger number of genotypes to be measured. Given that some replication within lines is required as well, organising the growth and evaluation of such a large number of plants becomes daunting. Clearly, our phenotyping capabilities are currently a bottleneck for such studies (Furbank and Tester 2011) . Automation and establishment of high-throughput systems in the life sciences has significantly progressed within the last decade, mainly in the field of drug discovery and development (Mayr and Bojanic 2009) and in the field of animal behaviour (Noldus et al. 2001 ). Plant sciences have benefited from this development but mostly at the molecular and cellular scale (Gibon et al. 2004; Delseny et al. 2010) . Essentially, research at the macroscopic level still relies to a large extent on human measurements and assessment (Kolukisaoglu and Thurow 2010) . However, over the last few years there has been significant developments made towards automated phenotyping platforms employed in growth chambers and glasshouses (Granier et al. 2006; Jansen et al. 2009; Furbank and Tester 2011) . These platforms are usually built to move plants (individually or in groups) to a sensing station. An argument in favour of these plantto-sensor systems is that repeatable imaging conditions can be assured at the location of the measurement, often a chamber shielded from outside light. The effect of moving may not be beneficial per se, but it may minimise micro-environmental differences between positions within the growth facility that could otherwise affect growth specifically (Poorter et al. 2012a) . In contrast, sensor-to-plant systems could provide significant advantages, especially when assays for phenotyping require increased complexity of environmental conditions during plant growth. Systematic approaches to address benefits and drawbacks of both alternatives are presently missing.
There is a consistent development in the establishment and implementation of non-destructive imaging approaches of plants into phenotyping platforms (Furbank and Tester 2011; Fiorani et al. 2012) . Estimations of plant size and leaf area of large germplasm collections based on 2D series of colour images is performed routinely at most platforms. They are generally accurate when plants are young, but become more challenging when plants get larger, as there is more overlap between leaves. For example, in an experiment where projected leaf area and shoot weight were followed over time in the rosette species Plantago major L. (Poorter et al. 1988) , the relationship between shoot DW and projected leaf area seems reasonably close-to-linear in a loglog plot to use projected leaf area as an estimator of shoot mass (Fig. 3a, b) . However, further analysis shows that in young plants true shoot weight was 35 g for each m 2 of projected leaf area, whereas it was 4-fold higher at the end of the experiment. The problem may be less severe in species with an erect growth form, yet, with an analysis that should be sensitive enough to measure differences between genotypes of, say, 10%, 2D analyses are likely to underperform. 3D image analyses may mitigate this problem (Dornbusch et al. 2012) . Alternatively, the structure of a dense canopy can be quantitatively resolved with approaches such as magnetic resonance imaging (MRI), be it with a penalty of low throughput.
Apart from structural traits it is necessary to also characterise leaves and roots at the physiological or chemical level. Fluorescence and hyperspectral analysis are good steps forward, particularly as they allow evaluation of various plant traits in a fast and non-destructive manner. However, only specific aspects of plant functioning can be evaluated in this way. An exciting new development is the robotised sensor-actor for destructive sampling of relevant plant parts (Alenyà et al. 2012) . This method may enable automated measurement of cellular processes and or gene expression at specific time points, thus, dramatically widening our phenotyping capabilities. Phenotyping in the field is the next essential step in the evaluation chain from well-defined and controlled conditions in the laboratory and greenhouse to the heterogeneous natural environment. Field measurements represent a significant test for the relevance of the laboratory and greenhouse approaches. Traits considered critical in the greenhouse may be less important in the field, since the canopy of a stand and not a single plant is the relevant unit under field conditions. A very basic requirement for plant screening under field conditions is the delivery of sensors to the canopy, which can be performed with various systems and different levels of detail. Positioning systems can be used for mechanistic field phenotyping with high accuracy and repeatability of measurements in given plots, mobile platforms such as a tractor equipped with specific sensors enable larger spatial flexibility, whereas drones or airborne platforms can cover vast agricultural areas. Most field sensors have to rely on passive measurement principle and the most promising is the measurement of reflected sunlight by multi-and hyperspectral technologies (Rascher and Pieruschka 2008; Comar et al. 2012) . Active approaches induce a certain response of a plant, for example, by application of a defined light pulse to probe specific physiological processes. These approaches are employed in the laboratory and there are only few robust techniques using an active measurement principle in the field such as the laser-induced fluorescence transient (LIFT) approach to estimate photosynthetic efficiency (Pieruschka et al. 2010) . Dedicated field sensors are already applied in precision agriculture for nutrient management (Scotford and Miller 2005) and may become important tools for sensing of plant disease in the near future (Mahlein et al. 2012) . Establishment of wireless sensor networks enables continuous monitoring of the environment and crop properties and will provide valuable information for agricultural management (Ruiz-Garcia et al. 2009 ).
e-Infrastructure and phenotyping
Full potential of the newly developing phenotyping approaches will enfold when physiological and morphological data can be linked to genomic information. This requires a dedicated e-infrastructure to handle the surge of data from automated phenotyping platforms, which are collecting more and more information at an increasingly fine time scale. These data have to be processed in a standardised way to allow analysis (and reanalyses). The overarching goal is to grasp and understand the whole phenome of the plant under a wide range of environmental conditions. This understanding will allow us to simulate and predict plant properties in particular of complex traits such as yield or biomass, the most important challenge to address future needs of a growing human population. How can we achieve these ambitious objectives? One way forward is to develop databases such as the plant meta-phenomics database (Poorter et al. 2010) or the Plant Trait database TRY (http://www.try-db. org, accessed September 2012), which bring together phenotypic responses to the environment for a wide range of plant traits and parameters. They allow for the establishment of dose-response curves, which form the knowledge base for further modelling efforts. A possible next step on this route may be a development that has started in the field of medicine. In this approach, called 'evidence-based practice', where the aim is to apply the best possible evidence obtained from scientific insights for the care of individual patients. The evidence is based on meta-analyses such as the Cochrane Reviews (http:// www.cochrane.org/, accessed September 2012). Evidencebased practice identifies the best treatment for a patient, as depending on medical expertise, expert judgement as well as the patient's state of being, needs and preferences (Leach 2006) . In plant phenotyping, a development analogous to this evidence-based practice may provide a substantial step forward in targeting special genotypes to be used in breeding programs. This would allow the breeder to select the best possible parental lines based on broad knowledge of the genotypic and phenotypic characteristics of these lines and their range of interactions with the environment.
Content of this special issue
This special issue focusses on several aspects centred around plant phenotyping. Proper choice and description of the environment is paramount to any phenotyping effort and Poorter et al. (2012a) provide some general guidelines. Attention is paid to the experimental design of experiments and appropriate application of experimental conditions. In a more specialised paper, Poorter et al. (2012b) focus on the effect of pot size on plant growth and performance. They conclude that the effect of pot size is rather large, withaveraged over a range of experiments published in the literaturea 43% increase in biomass for every doubling in pot size. In a further analysis of the data they show that pot size is particularly strongly impacting plant size when more than 1 g of total plant dry mass was present per litre of rooting volume. The design of drought tests is the focus of work by Passioura (2012) . Many studies have applied drought conditions to plants grown under laboratory conditions in a way that is rather irrelevant to the type of drought stress experienced by crop plants in the field. Passioura draws attention to the fact that such experiments are generally of little use to plant breeders.
Phenotyping of plants can gain from a better 3D representation of the shoot. Dornbusch et al. (2012) describe a method by which a laser-scanning device comes close to a 3D image of an Arabidopsis plant. Leaf size and angle can be followed over time without additional effort. Another development is 3D phenotyping of Capsicum plants growing in a glasshouse at a density that is characteristic for commercial growers. This poses strong challenges upon the analysis, especially when it comes to computationally separating leaves from each other in an environment with natural variation in light levels. Van der Heijden et al. (2012) combine traditional red-green-blue (RGB) cameras with a time-of-flight (TOF) camera, which can gauge depth by measuring the distance from the camera to the object. The information from both systems is linked to differentiate between different leaves. The system is a noteworthy step towards a 3D reconstruction of a canopy. Functional plant traits such as assessment of chlorophyll fluorescence were used by Sharma et al. (2012) to screen for heat tolerant wheat cultivars with a standardised chlorophyll fluorescence protocol. Repeated screening with increased selection pressure led to identification of a set of cultivars with differences in capacity of photosynthetic efficiency of photosystem II under heat treatments. A step out into the field by Comar et al. (2012) showed the use of hyperspectral measurements in combination with RGB cameras to test different vegetation indices. Green area per unit ground area derived from RGB imaging and vegetation indices for estimation of green biomass and pigment content were measured in microplots of different wheat cultivars in the field during the growth cycle. The plant dynamics were described with a model and its parameters were used to evaluate heritability of these indices with plant traits obtained during harvest. Hyperspectral data are also in the focus of the study by Römer et al. (2012) . These authors used an unsupervised classification approach called simplex volume maximisation (SiVM) to analyse hyperspectral data by calculating how similar each spectrum is to observed typical spectra and by that identify stress. SiVM provided better results than established vegetation indices when analysing drought and nutrient stressed plants.
After due consideration of the aboveground parts of plants, further work in this issue considered the belowground parts of plants: the roots. Accessibility of roots is difficult although there are examples in this issue of techniques to estimate the 3D distribution of root mass in pots (Poorter et al. 2012b ) by means of nuclear magnetic resonance (NMR) imaging. This method provides very detailed information about root structure but is time-consuming and expensive. An alternative approach based on 2D imaging is described by Nagel et al. (2012) , who developed a unique robotised system with plants growing in rhizotrons, large but relatively thin containers, where one side is transparent. Root structure and development can then be followed over time for those roots that grow along the transparent surface. A study by De Sousa et al. (2012) linked root architecture with phosphorus uptake. The study was performed under field conditions and in root pouches linking genes involved in phosphorus acquisition efficiency to root structural properties.
Most of the commercially-available automated platforms can be acquired only at considerable cost. Pereyra-Irujo et al. (2012) developed such a low cost platform, which would allow it to be used by academic users and breeders. They tested the platform for measurement of water use efficiency of two different soybean genotypes under different water availability scenarios. Almost all increases in automation imply that more plants can be measured, often at a finer timescale and with more methodologies. Dataanalysis often forms an indispensable part of such work. This poses challenges on informatics as well, in particular, when the projects become large scale with respect to the number of people that are involved. Additional issues of what data will be available to whom and how to ensure access over extended time period with a guarantee of data integrity and consistency are introduced. Billiau et al. (2012) faced this problem and describe how they solved the challenge. A laboratory information management system (LIMS) was already in place and augmented with another shell of programs that handled data storage, retrieval and accessibility. As such, safe access and fast data handling could be achieved, ensuring access to all scientists and stakeholders in the project.
Plant phenotyping is rapidly changing into a highly integrated and industrial approach in which the growth of plants, actual measurements and subsequent analysis of the data are highly coordinated. This special issue focuses on several aspects related to these issues. As the resulting platforms, equipment and e-infrastructure are maturing, it is now time to harvest the fruits from all these investments.
